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Polyhexamethylene guanidine (PHMQG) is a cationic antimicrobial oligomer that has been used prevalently over
the past few decades. However, due to the lack of inhalation toxicity assessment of PHMG, it has caused
severe health damage, including fatal lung fibrosis, after being used as one of the major active ingredients
of humidifier disinfectants in Korea. Because the first step of the entry of PHMG into airway is its

association with cell membranes, the distribution of PHMG between lipid membranes and water is very

important to know the depositional flux in the respiratory systems and related toxic mechanisms. We
developed a quantitative method to determine the distribution constant (Kipw) of PHMG between solid
supported lipid membranes and water and evaluated the effects of lipid membrane compositions on the

Kipw of PHMG. PHMG accumulated into anionic lipid membranes rapidly compared to into cationic or

zwitterionic lipid membranes, suggesting fast adsorption of PHMG onto anionic lipid head groups. Kjpw

values with anionic/zwitterionic lipid mixtures were higher than Ko values with anionic lipids only,
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potentially due to the later phase separation after preferential interaction between PHMG and anionic lipids

in lipid mixtures. In addition, K, values increased with increasing single acyl chain lipid content in
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1. Introduction

Biocides are inorganic or synthetic organic chemicals that inhibit
or destroy microorganisms and are generally used for disinfec-
tion, sterilization, and preservation of products, such as food and
cosmetics.”> Among a broad range of biocide chemicals, the
polymeric guanidine group (e.g., polyhexamethylene biguanide
(PHMB), polyhexamethylene guanidine (PHMG) and oligo(2-(2-
ethoxy)ethoxyethyl) guanidine chloride (PGH)), which is classified
as a cationic antimicrobial oligomer group, has been most widely
used to inactivate bacteria, fungi, and parasites for many
decades.® Because all guanidine-based antimicrobial polymers are
positively charged at physiological pH, guanidine groups strongly
interact with bacterial cell membranes, which are primarily
composed of negatively charged bilayers made up of phosphati-
dylglycerol (PG).** Many previous studies have shown that lipid
membrane damage and disruption caused by electrostatic inter-
action between guanidine-based biocides and negatively charged
lipid head groups are the primary mechanisms of antimicrobial
activity.®’® In contrast, the guanidine-based biocides have
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unsaturated lipids and decreasing cholesterol content. These results imply that changes in lipid
spontaneous curvature and lipid bilayer packing density also affect the membrane distribution of PHMG.

negligible effects on zwitterion lipid membranes, such as phos-
phatidylcholine (PC) and phosphatidylethanolamine (PE),*>"* and
zwitterion lipids are the primary components of fish and
mammalian lipid membranes.*” Therefore, it has generally been
believed that the guanidine family destroys microorganisms
without damaging the host (e.g, fish and human) cells.
However, recent studies have found that the guanidine group
has toxic effects on aquatic organisms. For example, pulmonary
toxicity of gills, including inflammation and fibrosis, was
observed for zebrafish exposed to 0.229 mg L' of PHMG in
saline solution,”® and sub-lethal concentrations (below
0.47 mg L") of PHMG significantly increased reactive oxygen
species generation and caused thyroid endocrine disruption in
zebrafish larvae.** The ECs;, value of PHMB for zebrafish liver
cells (ZFL) was also reported as 11.02 ug mL~'.** Furthermore, it
was found that PHMB can penetrate through mammalian cell
membranes and strongly interact with nucleic acids.* Addition-
ally, Lim et al.V” found that PHMG strongly interacts with the
zwitterion lipid monolayer, 1,2-dipalmitoyl-sn-glycero-3-phos-
phatidylcholine (DPPC), which is a primary component of human
lung surfactant. Shim et al, also reported that when aerosol
particles with radioactive In-labeled PHMG were exposed to rats,
they were transported and accumulated into the lungs.'®* These
studies raise concerns regarding the potential harmful effects of
the guanidine group on human as well as aquatic organism
health. Indeed, fatal misuse of PHMG and PGH as active
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ingredients of household humidifier disinfectants has resulted in
the death of hundreds of people, including pregnant women and
children, in Republic of Korea.****

Although investigating the interactions between cationic anti-
microbial oligomers and lipid membranes that act as the primary
barrier for living organisms is the foremost step toward assessing
the toxicity and bioavailability of these chemicals, only a few
studies have investigated the interaction mechanisms,*****”** and
the effects of lipid composition on the membrane insertion of
oligomers.”* To the best of our knowledge, the distribution
constants of guanidine oligomers between lipid membranes and
water (Kjipw) and the effects of lipid membrane characteristics on
Kiipw have not been investigated in previous studies.

In this study, we used solid supported lipid membranes
(SSLMs) to quantitatively determine the Kj;,,, of PHMG. PHMG
was selected as a representative of the guanidine family because
it is one of the primary chemicals used as humidifier disinfec-
tants that have caused unprecedented tragedy in Korea. SSLMs,
solids that are uniformly coated with lipid membranes, are
recently used in various applications such as imaging techniques
for medical diagnostics and biochemical analysis.**** Since
SSLMs are stable and maintain the fluidity of lipid
membranes,**?* SSLMs have successfully used to evaluate the
lipid membrane distribution of a broad range of chemicals,
including hydrophilic and hydrophobic, from a molecular to
nanoparticle level.>”**** The main objective of this study is to
assess the effects of lipid membrane composition on the distri-
bution. Various lipid membranes (e.g., different hydrophilic head
charge and lipid packing parameters) were employed for the
quantitative method. We also suggest the probable distribution
mechanism of PHMG into the lipid membranes.

2. Experimental
2.1 Materials

Powdered PHMG was supplied by SK Chemicals Co., Ltd.
(Seongnam, Republic of Korea) in 2011, and this product is no
longer commercially available in Korea after the humidifier
disinfectant incident mentioned above. All lipid membrane
components used in this study, except cholesterol, were
purchased from Avanti Polar lipids (Alabaster, AL, USA) and
cholesterol was obtained from Sigma-Aldrich (St. Louis, MO,
USA). Table 1 summarizes the characteristics of each lipid used
in this study, including the lipid head group charge, acyl chain
number, main transition temperature, and physical state at
25 °C. Eosin Y solution (5 wt% in water) and non-porous silica
microspheres (mean diameter: 3 pm) were also purchased from
Sigma-Aldrich (St. Louis, MO, USA) to measure PHMG concen-
tration in water and synthesize SSLMs, respectively.

2.2 SSLMs

The detailed procedure for preparing SSLMs with lipid
membranes has been described in previous studies.”**! First,
lipids dissolved in chloroform were transferred to glass vials
and a thin film was formed on the glass vial walls via nitrogen
purging. The lipid membrane vesicles were synthesized by the
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rapid extrusion process using 0.8 um polycarbonate membrane
filters. Then, the lipid vesicle dispersions were mixed with silica
microspheres with 1-2 min of vigorous vortex mixing followed
by gentle mixing in an incubator overnight at 25 °C, 150 rpm.
After mixing, supernatants containing excess lipid vesicles that
were not adsorbed onto microspheres were removed. The mass
of the lipids (m) adsorbed onto the silica microspheres were
calculated from the mass difference between the initial and
supernatant lipids. A total organic carbon analyzer was used to
measure the concentrations of lipids. A stable and uniform
coating of silica microspheres with lipid membranes was
confirmed from images obtained through confocal fluorescence
microscopy with the aid of a fluorescent-labeled lipid
membrane, as reported previously.*

2.3 Determination of the distribution constant of PHMG
between water and lipid membranes (Kjjpw)

SSLMs and 1.5 mL PHMG aqueous solution were placed into
polypropylene (PP) tubes. The tubes were incubated in an
incubator at 150 rpm and 25 °C. After incubation, the tubes sat
quiescently over 60 min to settle the SSLMs. Then, 1 mL of
supernatant was transferred into a clean PP tube and excess
PHMG that did not adsorb onto the SSLMs was measured.

The initial (C,) and supernatant (C;) concentrations of
PHMG were determined by a spectrophotometric method with
0.05% Eosin Y solution. 1 mL of pH 3.6 glycine buffer solution
and 200 pL of 0.05% Eosin Y solution were added sequentially
to 1 mL PHMG aqueous solution followed by vortex mixing.
Then, the mixtures were left for 5-10 min for color develop-
ment. Finally, the PHMG concentrations in the mixtures were
quantified by measuring the visible light absorbance at 549 nm
using a DR/4000U UV/Vis spectrophotometer (Hach Co., Love-
land, CO, USA). The absorbance at 549 nm was confirmed as
being proportional to the concentration of PHMG in the
mixtures (©* > 0.998). In aqueous PHMG, the concentration
range was 0-10 mg L™ (Fig. S1, ESIY).

The mass of PHMG that accumulated in the lipid
membranes was calculated using eqn (1), and the lipid-water
distribution constant (Kjpw) was calculated using eqn (2):

Lipid accumulation (mg PHMG per kg-lipid)

_Gp_ GG 1)
m m
. G Co— G
Kiipw (L ke-lipid) = —2 = —— 2
ipw (L per kg-lipid) Com Com (2)

where Cj;p is the PHMG concentration on the lipid side, which is
the difference between initial (C,) and final (C¢) concentrations.
m is the concentration of the lipids (kgiipia L") in SSLMs.

3. Results and discussion

3.1 Determination of apparent time to reach equilibrium
and concentration dependence

As a preliminary experiment, we used glass vials to contain
PHMG aqueous solution and attempted to determine the

This journal is © The Royal Society of Chemistry 2020
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Table 1 Summary of selected lipid membrane components
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Lipid component® Carbon chain:double bond

Main transition temperature (Ty, °C)”

Physical state at room temperature Lipid head charge

DOTAP (C 18:1, 18:1) ~—0
14:1 PC (C 14:1, 14:1) <—30
16:1 PC (C 16:1, 16:1) -36
DOPC (18:1 PC)  (C 18:1, 18:1) -17
POPC (C 16:0, 18:1) -9
DOPG (C 18:1, 18:1) —18
POPG (C 16:0, 18:1) -2
DOPS (C 18:1, 18:1) —-11
Lyso PG (C 18:1) —

Liquid crystalline Positive
Liquid crystalline Zwitterion
Liquid crystalline Zwitterion
Liquid crystalline Zwitterion
Liquid crystalline Zwitterion
Liquid crystalline Negative
Liquid crystalline Negative
Liquid crystalline Negative
— Negative

“ Full names of the lipid components used in this study are listed below: DOTAP: 1,2-dioleoyl-3-trimethylammonium-propane, 14:1 PC: 1,2-

dimyristoleoyl-sn-glycero-3-phosphocholine, 16:1 PC:

phosphocholine, POPC:

1,2-dipalmitoleoyl-sn-glycero-3-phosphocholine,
1-palmitoyl-2-oleoyl-glycero-3-phosphocholine,

DOPC:
1,2-dioleoyl-sn-glycero-3- -phospho-(1'-rac-glycerol),

1,2-dioleoyl-sn-glycero-3-

DOPG: POPG: 1-

palmitoyl-2-oleoyl-sn glycero -3-phospho-(1'-rac-glycerol), DOPS: 1,2~ dloleoyl sn-glycero-3-phospho-r-serine, Lyso PG: 1-oleoyl-2-hydroxy-sn-glycero-3-

phospho-(1'-rac-glycerol). ©

Avanti Polar Lipids, Inc. provides the main transition temperature for glycerophospholipids. Information found at

https://avantilipids.com/tech-support/physical-properties/phase-transition-temps.

apparent time taken to reach the distribution equilibrium of
PHMG between water and SSLMs. However, we found that the
PHMG concentration significantly decreased due to the elec-
trostatic interaction between negatively charged glass vial walls
and cationic PHMG oligomers (Fig. S2(a), ESIT). In addition,
when glass vials were used, PHMG interacted with non-porous
bare silica microspheres that have negative charges on their
surface (48% removal after 3 h of incubation), and the rate of
interactions between PHMG and bare silica beads was very
similar to the PHMG interaction rates with DOPG lipids, which
have negative lipid head charges (Fig. S2(b), ESIT). In contrast,
there was a negligible interaction between PHMG and PP
centrifuge tubes for 72 h (Fig. S2(a)t). Therefore, PP centrifuge
tubes were used for all experiments in this study.

Fig. 1 shows the rate of PHMG distribution with SSLMs with
three different head group charges. DOTAP, DOPC, and DOPG
unsaturated lipid membranes with the same acyl chain length
(C18:1) but with positive, zwitterion, and negative charges in
their head group, respectively, were utilized. As shown in Fig. 1,
the PHMG distribution equilibrium with DOPG lipids was
attained very quickly (within 1 h) due to the fast electrostatic
interactions between the positive PHMG oligomer and anionic
DOPG lipids. For DOPC lipids with a zwitterion head group and
cationic DOTAP, the distribution equilibrium occurred within
24 and 144 h, respectively. Therefore, 72 h was selected as the
apparent equilibrium time for zwitterion and negative lipid
membranes, except Kj;p,, values shown in Fig. 3(b). (In Fig. 3(b),
240 h was used as the equilibrium time to investigate the effects
of the head group charge on Kjp, values). The different
apparent times taken to reach equilibrium implies the different
lipid-water distribution mechanisms. Detailed discussion on
the distribution mechanisms of PHMG with different lipid
membranes is described in Section 3.2 and 3.3.

To investigate the PHMG concentration dependence on lipid
accumulation, lipid membrane accumulations with 16:1 PC
lipids were calculated using five different initial concentrations
of PHMG (1.0, 2.0, 3.0, 4.0, and 8.1 mg L™ '). As shown in
Fig. 2(a), in the range of 2.0-4.0 mg L, the amount of PHMG

This journal is © The Royal Society of Chemistry 2020

distributed with 16:1 PC lipid membranes increased propor-
tionally with an increase in initial PHMG aqueous concentra-
tion, resulting in concentration independent values of lipid-
water distribution constants (Kjipy) (Fig. 2(b)). Kipw values ob-
tained using 1.0 and 8.1 mg L™ " deviated slightly compared with
Kiipw values in the range of 2.0-4.0 mg L™ (Fig. 2(b)), however,
the differences were below 5%. This confirms that the PHMG
concentration range of 2.0-4.0 mg L'
concentration limit, above which the capacity of SSLMs for
PHMG is saturated. Therefore, the PHMG initial concentration
ranging from 2.0 to 6.0 mg L~ " was used to determine lipid-
water partitioning constants (Kjpw)-

is lower than the

3.2 Effects of lipid head group charge

To assess the effects of membrane composition on the Kjjpy, of
PHMG, we first calculated time-dependent lipid accumulation

12

A DOTAP
& DOPC
o DOPG
108 =
8 x
o M L] - [] 4
S ot *
> 08 %
J % % = m
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04 1 1 L L
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Time (h)

Fig. 1 Rates of PHMG distribution with solid supported lipid
membranes with different head group charges. DOTAP, DOPC, and
DOPG have positive, zwitterion, and negative head group charges,
respectively, with the same acyl chain length (C18:1). C,, is the free
concentration in water after settling solid supported lipid membranes
and Cg is the initial PHMG concentration (Co = 4.04 mg L™Y). The error
bars represent standard deviations of triplicate samples.
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Fig.2 Concentration dependence on the (a) lipid accumulation and (b) lipid—water distribution coefficient (Kjpw) of PHMG with 16:1 PC. Cy is the
initial concentration and each point represents the mean value of duplicate analyses.

using three different lipid membrane head charges (Fig. 3(a)).
At all incubation times shown in Fig. 3 (from 1 to 240 h), lipid
accumulation was the highest with DOPG, followed by DOPC,
and the lowest with DOTAP. This indicates that the guanidine
group of PHMG strongly interacts with the lipid membranes
with negatively charged heads. A previous study®* found that
negatively charged fullerene nanoparticles are strongly accu-
mulated with oppositely charged lipid membranes (DOTAP)
compared to other lipid membranes (e.g., DOPC and DOPG).
Therefore, it can be concluded that if the target chemicals have
charges, interactions between the adsorbate and oppositely
charged lipid membranes are critical mechanisms for lipid
membrane distribution. The K, obtained using eqn (2)
between DOPG lipid membranes and water is the highest
among three lipid membranes (log Kiipw,porg = 4.25 £ 0.03),
followed by DOPC (log Kijipw,popc = 4.02 £ 0.06), and the lowest
with DOTAP (log Kjipw,potap = 3.86 + 0.10) (Fig. 3(b)).

To obtain the rate parameters and investigate the effects of
the lipid head group charge on accumulation rates, we
employed the Langmuir adsorption model (eqn (3)) and fit the
model to the experimental data (Fig. 3(a)). This Langmuir
adsorption model was first developed by Wilhelm et al* to
describe the interaction rates of iron nanoparticles with cells,

(a) 80000
A DOTAP
® DOPC
o DOPG
B 60000
5 % B
K] I
@
< 40000
g '
R ; T
T b 1
£ 20000
A
i
o % . . ‘ ‘
0 50 100 150 200 250

Time (h)

and has successfully been applied to previous studies investi-
gating the lipid membrane interaction kinetics of charged
nanoparticles, such as gold®® and fullerene nanoparticles.** The
Langmuir adsorption model is:

- kaCCiip

= m(l —exp[ — (k. C + ka)1]) (3)

Giip(7)
where Cy;;, (mg kg™ ') is the lipid accumulation value obtained
from eqn (1), k, (L mg~" h™") and k4 (h™') are the association
and dissociation rate constants, respectively, C (mg L) is the
initial aqueous PHMG concentration, Cjpo (mg kg™') is the
theoretical maximum concentration that can be adsorbed into
lipid membranes, and ¢ is time (h). Cypo (mg kg™ ') was esti-
mated based on the calculation provided by Hou et al.*® with the
assumption that the PHMG monomer (approximately 10 A
length) fully covered the SSLMs, forming single layer adsorp-
tion. The affinity constant (K (L mg™") = k./kq) and character-
istic time (t (h) = 1/(k,C + kq)) were also calculated. All kinetic
parameters are summarized in Table 2.

As shown in Table 2, the affinity constant (K) with the DOPG
lipid membrane is significantly higher than that with DOPC and
DOTAP lipids due to the PHMG adsorption via the strong
electrostatic interaction between the positive oligomer and

44

H

42

—H

40

38t 1

36

log Kﬂwv (L/kg)

34+

32}

3.0

DOTAP DOPC DOPG

Fig.3 (a) Lipid accumulation rates of PHMG (Co = 4.04 mg L™2) using three different lipid membranes with different head group charges. Dotted
lines indicate that the Langmuir adsorption model fits using egn (3). (b) The lipid—water distribution constant (K\,) of PHMG between water and
three lipid membranes calculated after 240 h of incubation. Error bars represent standard deviations of triplicates.
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negative lipid membranes. The characteristic times (t) of DOPG
and DOPC are 0.66 and 3.11 h, respectively, which are similar
levels to the overall interaction rates between gold nanoparticles
and egg phosphatidylcholine lipid bilayers (0.19 < 7 < 3.76), and
between fullerene nanoparticles and DOTAP, DOPC, and DOPG
lipid membranes (0.12 < 7 < 15.03). As both gold and fullerene
nanoparticles have charges on their surfaces, the first step of
the interactions between these nanoparticles with lipid
membranes is adsorption onto the lipid membrane surface via
electrostatic interactions. Therefore, for DOPG and DOPC lipid
membranes, the rapid adsorption of PHMG to the lipid
membrane head group could be the primary mechanism of
lipid membrane distribution. However, the characteristic time
(t) of DOTAP lipids (t = 112.36 h) is much longer compared to
that of other lipid membranes, indicating that surface adsorp-
tion might not be the primary mechanism for cationic lipid
membranes.

Fig. 4 illustrates the proposed mechanism of PHMG distri-
bution into three different lipid membranes. For DOPG lipid
membranes, PHMG rapidly bound to the lipid head groups and
the amount of PHMG distributed in the lipid membrane stayed
the same (Fig. 4(a)). Similarly, PHMG adsorbs onto the head
group of the zwitterionic lipid membrane and it is also possible
that PHMG slowly enters the lipid membrane, causing
membrane disruption (Fig. 4(b)). For the DOTAP lipid
membranes, initially PHMG rarely interacted with them due to
electrostatic repulsion; however, lipid accumulation signifi-
cantly increased after 72 h of incubation. One possible mech-
anism of PHMG distribution into the DOTAP lipid membrane is
that positively charged guanidine group of PHMG may pretend
to the cationic head of the DOTAP lipid, which allows PHMG to
act as one molecule of DOTAP lipid. This possibly aligns PHMG
with DOTAP lipids in the lipid bilayer (Fig. 4(c)). Once PHMG is
located in the DOTAP membrane, membrane disruption and
pore formation are also possible.

We prepared SSLMs with two different anionic lipids (POPG
and DOPS) as well as zwitterionic/anionic lipid mixtures (POPC/
POPG and POPC/DOPS) to assess the effects of lipid mixtures on
the membrane distribution of PHMG (Fig. 5(a)). Kjipw values of
two anionic lipids (POPG and DOPS) were higher than the Kj;py
of zwitterionic lipids (POPC) due to the strong electrostatic
interactions. Interestingly, Kj;, values of zwitterionic/anionic
lipid mixtures (1 :1 molar ratio) were even higher than Kj;,
values of anionic lipids only. This could be attributed to lipid
lateral separation in a membrane bilayer composed with two
different head groups. Recent studies**’-** have proposed that

Table 2 Kinetic parameters for lipid accumulation of PHMG*
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the lipid rearrangement and lateral separation of zwitterionic
lipids from anionic lipids can occur when cationic antimicro-
bial peptides (AMPs) preferentially interact with anionic lipids
in zwitterionic/anionic lipid mixtures (Fig. 5(b)). Lateral sepa-
ration creates higher negative charge density on the unit surface
area of lipid membranes, which can make more PHMG interact
with lipid membranes with zwitterionic/anionic lipid mixtures
than anionic lipids only. This phase separation also promotes
membrane disruption and can be a significant cause of higher
Kiipw values of zwitterionic/anionic lipid mixtures than anionic
lipids. Indeed, species with membranes composed of zwitter-
ionic and anionic lipids may be more susceptible to positive
antimicrobial agents than other species composed of primarily
anionic lipids due to this lipid segregation mechanism.**

3.3 Effects of lipid packing parameters

In addition to the electrical potential of membrane head groups,
lipid membrane packing parameters are also considered impor-
tant factors. Lipid packing parameters directly affect the hydro-
phobic interactions between the hydrocarbon acyl chain and
antimicrobial oligomers that control the membrane insertion of
them. The insertion of antimicrobial agents into the hydrophobic
region of lipid membranes induces lipid packing frustration and
membrane disruption,”*® which are the critical mechanisms for
antibacterial activity of the guanidine oligomers. Here, lipid lack-
ing was modulated by (1) adding lipids with a single acyl chain to
anionic lipid membranes (DOPG and POPG), (2) adding choles-
terols to 16:1 PC (zwitterionic lipids), and (3) using different acyl
chain lengths (14:1, 16:1, and 18:1 PC).

To change lipid membrane packing, we first altered the
spontaneous curvature of the bilayer lipid membranes by add-
ing a lyso PG, which has a single acyl chain to the DOPG
(Fig. 6(a)) and POPG (Fig. 6(b)) with different content.
Membrane curvature depends on the size of the head group and
acyl chain composition.** For example, lipids with small polar
head groups impose a negative radius of curvature, where the
head group spacing is smaller. In contrast, lipids with a single
acyl chain have a positive radius of curvature where the distance
between the head groups is larger.*>*' In addition, adding single
acyl chain lipids thins the bilayer and induces disorder due to
the curvature changes.*” Recent studies have shown that the
positive radius of the curvature created by lyso-lipids promotes
more AMP insertion into the lipid membranes followed by pore
formation inside the bilayer, whereas AMPs are only adsorbed
onto lipid bilayer surfaces when the lipid membranes are

Lipid membrane k, (Lmg "h™) kg (h™h) K’ (L mg™) ¢ (h) I

DOPG 9.51 x 10® 1.47 6.48 x 10 0.66 0.76
DOPC 1.19 x 107 0.32 3.76 x 10 3.11 0.71
DOTAP 3.41 x 10°° 8.75 x 1073 3.90 x 103 112.36 0.92

“ Langmuir adsorption model (eqn (3)) was used to obtain kinetic parameters. ? K is the affinity constant and defined as ky/kq. < 7 (= 1/(k.C + kq)) is
characteristic time, and small 7 indicates a faster interaction between lipid membranes and PHMG.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Diagrammatic illustration of the possible distribution mechanism of PHMG into solid supported lipid membranes with (a) DOPG (anionic

lipid), (b) DOPC (zwitterionic lipid), and (c) DOTAP (cationic lipid).

composed of unsaturated PC lipids.*** Fig. 6 shows that for
both DOPG and POPG lipid membranes, the addition of 10%
lyso PG content decreased the Kj;p,, values compared with PG
lipids without lyso PG. One possible explanation for this is that
adding lyso PG lipids decreases the negative charge density on
the lipid membrane surfaces, leading to less PHMG being
adsorbed onto the lipid surfaces. On the other hand, Kjpw
values increased upon increasing the lyso PG content by up to
50%. Since adding more lyso PG induces head group space
enlargement and lipid membrane thinning, a greater amount of
PHMG enters the lipid membranes and forms pores followed by
membrane disruption. Therefore, lipid packing change caused

22348 | RSC Adv, 2020, 10, 22343-22351

by spontaneous curvature alteration is a critical factor that
impacts PHMG distribution.

We also modulated the membrane packing parameters by
containing different mole fractions of cholesterol in the zwit-
terionic lipid membrane (14:1 PC). Cholesterol creates more
densely packed lipid bilayers and decreases the fluidity of the
lipid membranes.”” As shown in Fig. 7, the K. of PHMG
decreased with increasing cholesterol content for both the
initial PHMG concentration of 4 and 6 mg L™~ ". This suggests
that decreasing the membrane fluidity with increasing choles-
terol content may prevent the insertion of PHMG into the
hydrophobic region of lipid membranes. Thus, as Paliienko

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (a) Lipid—water distribution constant (Kjjpw) of PHMG (Co = 5.0 mg L~ between water and lipid membranes with different compositions
after 72 h of incubation. POPC has a zwitterion head group, and POPG and DOPS are anionic lipid membranes. POPC/POPG and POPC/DOPS
are zwitterionic/anionic lipid mixtures prepared at a 1 : 1 molar ratio. Error bars represent the standard deviations of three replicates. (b) Illus-
tration showing the lipid lateral separation caused by binding PHMG to the lipid membrane composed with zwitterionic/anionic lipid mixtures.
Strong interactions between PHMG and anionic lipid membranes promote the clustering of anionic lipid membranes around PHMG, which
causes lipid rearrangement/segmentation. This figure was inspired by Teixeira et al.*

et al.*® suggested, living organisms with less or lack of choles-
terol content in the lipid membranes are more susceptible than
organisms with cholesterol containing membranes.

Finally, the effects of acyl chain lengths on the PHMG
distribution were investigated. We measured the lipid accu-
mulation rates of PHMG using three different unsaturated lipid
membranes (Fig. S3, ESIT). However, we were unable to identify
significant differences among the three lipids. Previous studies
have reported that Kj;,,, values of hydrophobic organic pollut-
ants and fullerene nanoparticles are influenced by acyl chain
length due to membrane fluidity changes or changes in
hydrophobic interactions between lipid membranes and
chemicals.***"*® However, the impact of acyl chain length on the
lipid water distribution of PHMG was negligible in this study.

3.4 Environmental and toxicological implications

This study elucidates the quantitative measurements of the
distribution constants (Kjipy) of PHMG between the lipid

Log K;,, (L/kg)
w

0% 10 %

Lyso PG content (%) in DOPG lipids

30 % 50 %

membranes and water using SSLMs. We focused on the lipid
accumulation of PHMG, and proposed distribution mecha-
nisms for various membrane compositions. PHMG strongly and
rapidly interacted with the negative and zwitterion lipid head
groups, indicating that PHMG likely possesses cytotoxicity not
only for microorganisms but also higher level organisms, such
as fish and mammals, including humans. Kjp, with
zwitterionic/anionic lipid mixtures was higher than that with
anionic lipid membranes, indicating that tissues with higher
zwitterionic/anionic lipid content in their lipid membranes are
more susceptible to its cytotoxicity. Changes in lipid packing
parameters (i.e., lipid curvature and cholesterol content) also
affect the distribution of PHMG in the lipid membranes.
Considering cells of living organisms have a variety of cell
membrane compositions, the results of this study are useful for
identifying susceptible species among microbes and pathogens,
and for assessing the potential cytotoxicity.

Although PHMG is one of the lethal ingredients of humidi-
fier disinfectants, which are responsible for many deaths from

(b)

i

Hi

Log K, (L/kg)
w

0% 10%

Lyso PG content (%) in POPG lipids

30 % 50 %

Fig.6 Effects of lyso PG content on the distribution constants (Kjipw) of PHMG (Co = 4.0 mg L) and (a) DOPG (18:1/18:1 PG) and (b) POPG (16:0/
18:1 PG) lipid membranes. Kj, values were obtained after 72 h of incubation. Error bars indicate the standard deviations of three replicate

analyses.
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Fig.7 The effects of cholesterol content (mole fraction of cholesterol,
fis in the range of 0 and 0.65) on the distribution constant (Kipw) of
PHMG (Co = 4.0 mg L™t and 6.0 mg L™%) and 16:1 PC lipid membranes.
Kiipw Values were obtained after 72 h of incubation. Error bars indicate
the standard deviations of three replicate analyses.

pulmonary disease,*** PHMG distribution into lung surfactant
has not previously been quantitatively investigated. Kjp, values
of ca. 10* L kg™ imply that the removal of PHMG from the
respiratory tracts would be difficult via ciliary motion because
lung surfactant is a monolayer consisting of zwitterionic and
anionic lipid mixtures.”> However, considering the primary lipid
component of lung surfactant is DPPC (C16:0/C16:0), which is
in the gel-phase at room temperature (the main transition
temperature, T, = 41 °C), SSLMs are not suitable for evaluating
the exact distribution through lung surfactant due to their
limitations.>*** It is worthy of investigating the distribution of
PHMG between cell membranes and water considering the
major components of lung surfactants and mixed lipid
compositions that mimic human respiratory systems.

4. Conclusions

In this study, a quantitative method was developed to investi-
gate the lipid-water distribution constant (Kj;,.) of PHMG using
solid supported lipid membranes (SSLMs). The rate of PHMG
distribution with lipids depends on lipid head group charges.
This indicates that there are significant effects of head charges
on the lipid membrane distribution mechanisms of PHMG.
Moreover, we found that Kj;p,, values were significantly influ-
enced by lipid membrane compositions such as head group
charges and lipid packing parameters. Thus, the results of this
study provide useful information for evaluating cytotoxicity of
PHMG towards living organisms including fish and human.
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